The electromotive force (EMF) of an oxygen concentra tion cell using Si2-A23 ceramics (x=1, 2, 3 and 4 in xAl232Si2)
Introduction
Mullite is the only stable solid solution with a com position range of 2.82A232SiO2 (70.5 wt%A23) 3.35A232SiO2 (74.0 wt%A23) in the Si2-A23 system below 2026K.1), 2) Fischer and Janke report ed that mullite-Si2 composite is an excellent oxyg en solid electrolyte in the wide oxygen pressure range up to 10-30Pa at 1273K, or 10-8Pa at 1873K in the system of air/solid electrolyte/Al melt saturated by Al2O3 This oxygen sensing ability of mullite-Si2 compo site can be applied to measuring the oxygen content of the melts of steel. According to Cameron,4) mul lite solid solution formula per unit cell is expressed by, where x is the number of O atoms missing per unit cell, and the numbers and indicate the coordina tion numbers of Al or Si atoms. Equation (1) is based on the substitution of Al for Si in SiO4 tetra hedra as follows.
O is the lattice oxygen and V the oxygen vacancy. Stoichiometric mullite (3A2O32SiO2) contains oxy gen vacancies of x=0.25 in its unit cell. Therefore, mullite is an oxygen ion conductor through vacan cies and may be used as a solid electrolyte of oxygen concentration cell. The purpose of this study was to evaluate the electrochemical properties of the Si2 A23 ceramics with a wide Al2O3 content range of 47.9 to 78.1 wt% by measuring the electromotive force of an oxygen concentration cell. In a previous paper,5) we reported the ionic transport number of oxygen of stoichiometric mullite as a function of oxy gen pressure for air/mullite/Ar-2 gas cell. At low er oxygen pressures than 103Pa at anode side (Ar 2 gas), the dissociation of lattice oxygen in mullite likely proceeded, leaving behind electrons available for conductions and positively charged oxygen vacan cies. As a result, the ionic transport number decreased due to the enhanced electronic conduc tion. In this paper, composition effect of SiO2-Al2O3 ceramics on the electrochemical properties was in vestigated at 1073-1573K.
2. Experimental procedure 2.1 Preparation and properties of Si2-A23 ceramics Colloidal processing (dispersion, consolidation and sintering)6-9) with aqueous suspensions of mul lite, mullite-silica, or mullite-alumina powders was applied to make dense SiO2-Al2O3 ceramics with compositions of xA2O32SiO2 (x=1, 2, 3 and 4). Fol lowing powders were used in this experiment: a sol gel processed mullite powder with an average size of 1.4m and chemical composition of A2O3 71.46 wt%, Si2 28.13 wt%, Zr2 0.30 wt%, Ti2 0.10 wt%, and Na2 0.01 wt% (Chichibu Cement Co., Ltd., Tokyo, Japan), alumina powder with an average size of 21nm and chemical composition of Al2O3>99.9 wt%, Na 40ppm, Fe<10ppm, and
Si<10ppm
(Asahi Chemical Industry Co., Ltd., Tokyo, Japan), and silica powder with an average size of 2.3m and chemical composition of Si2> 99.9%, Ti 50.5ppm, Cr<0.5ppm, Fe 0.4ppm, Al 1.1ppm, Mg 0.1ppm, Ca 0.1ppm, Na 0.3ppm, and K 0.1ppm (Nitto Chemical Industry Co., Ltd., Tokyo, Japan).
Mullite and mullite-alumina powders were elec trosterically stabilized with polyacrylic ammonium (PAA) of carboxyl group 10.510-6mol per m2 of powder surface to prepare the concentrated suspen sions of 53vol% solids for x=3 and 42vol% solids for x=4 at pH 8.5-8.89)-13) (PAA, -HCOONH CH2, average molecular weight 10000, Dai-ichi Kogyo Seiyaku Co., Ltd., Kyoto, Japan). Negatively charged polymer was adsorbed on the positive sites of surface of mullite and alumina with the isoelec tric points of pH 4.5 and 9.0, respectively, to form electrosteric repulsion. Mullite and silica powders for the compositions of x=1 and 2 were mixed at pH 3.7 to form heterocoagulation in the suspensions of 50vol% solids, because mullite and silica particles were positively and negatively charged, respective ly, at pH 3.7.5), 9), 14) These aqueous suspensions were stirred for 24h and ultrasonicated at 20kHz for 5 min to disperse particle agglomerates. Air bubbles in the suspension were eliminated in a bell jar connect ed to a vacuum pump. The colloidal solids were con solidated by filtration through gypsum molds.
The green densities of the Si2-A23 ceramics were as follows: 58.0% of theoretical density (T. D.) for x=1, 61.9% T. D. for x=2, 62.5% T. D. for x=3 and 58.9% T. D. for x=4. These green compacts were heated to 1873K at the rate of 8K/min and sin tered for 10-11h9) (SPM 6512 electric furnace, Marusho Electro-Heat Co., Ltd., Hyogo, Japan). Af ter sintering at 1873K, the samples for x=3 and 4 were further heated at 1903K for 1.5h to decrease porosity. The sintered samples were annealed at 1673K for 8h in air to produce equilibrium phases. The densities of annealed samples, measured by Ar chimedes method in distilled water, were 96.2 98.5% T. D. and open porosities were less than 0.1% (Table 1) . Before measurement of the electromo tive force, no gas leak of these samples was confirmed with air. The phases produced in annealed samples were examined by X-ray diffraction analysis (Cu K, Model No. 2013, Rigaku Co., Ltd., Tokyo, Japan) and were in accordance with a phase diagram of the Si2-A23 system,) 2) suggesting that equilibrium was reached (Table 1) .
Measurement of electromotive force
The annealed Si2-A23 ceramics with diameters of 18 to 19mm and thickness of 0.8 to 1.0mm were polished with diamond paste of 0.25m. Platinum paste diluted with acetone was coated on the polished surface to make meshy Pt electrodes, and dried at room temperature. After then the samples with Pt paste were heated to 573K at the rate of 2-3 K/min, and further heated to 1623K at 7-8K/min and kept for 30min. The samples were adhered to alumina tubes (99.5 wt% A23, inside diameter 11 mm, outside diameter 15mm, Nippon Kagaku Togyo Co., Ltd., Osaka, Japan) with alumina bond ing agent (S-208B, Asahi Chemical Industry Co., Ltd., Osaka, Japan) by heating to 573K at the rate of 2-3K/min and further to 1623K at 7-8K/min.
Electromotive force (EMF) of Si2-A23 ceram ics was measured through Pt wire contacted with the meshy Pt electrodes by flowing air (560ml/min) as a reference gas at cathode side of sample and Ar-2 mixture gas (50-1000ml/min) into anode side through the alumina tube bonded to Si2-A23 cer amics. These gases were dried by passing through dry ice (sublimation, 194.5K) before introducing into both the sides of sample. The EMF measure ment temperature range was 1073 to 1573K and oxy gen pressure of Ar-2 gas was changed between 1.010-1.Pa and 1.01035Pa. The accurate oxyg en pressure in Ar-2 gas was determined by measur ing EMF of 8mol% Y23-stabilized Zr2 for air as a reference gas (Nippon Kagaku Togyo Co., Ltd., Osa ka, Japan). The oxygen pressure correction by Y23 stabilized Zr2 with meshy Pt electrodes was carried out under the same conditions (temperature, gas flow) for EMF measurement of the Si2-A23 cer amics. 
Results Since the Si2-A23
ceramics were found to be mixed conductors of oxygen ions and electrons at reduced pressures in previous study,3), 5), 15) EMF for mixed conductors (Em) is expressed by , where Et is the theoretical electromotive force for t =1 , ti: the ionic transport number of oxygen, R: the gas constant, F: the Faraday constant, T: tempera ture, P: the oxygen pressure at cathode (1 .0104.3 Pa, air) and P2: the oxygen pressure at anode (1 .0 10-1.0-1.01035Pa, Ar-2 mixed gas) . Equation (3) at a constant ti indicates a linear relation of Em vs. ln P2 with the slope of (-tiRT/4F) and intercept of (tiRT/4F) ln P at n P2=0. The ti value at a cer tain ln P2 was determined from the slope (tiRT/ 4F) of a straight line combining Em at in P2 with Em =0 at n P2=n P1 . Figures 1-6 show Em and ti of the Si2-A23 ceramics with compositions of x=1 4 (xA232Si2) as a function of log P2 (anode) at temperatures of 1073-1573K. Each EMF reached a constant value within 2min after introducing Ar-2 gas into anode side. As seen in Figs. 1 and 2 , the highest ti at 1073K was obtained at the composition of x=2. The critical oxygen pressure of ti1 for sam ple B (x=2) was 102.2Pa. There was no significant difference of ti between samples C (x=3) and D (x=4). The oxygen pressure dependence of ti for sample A (x=1) was close to that for sample C or D below 10Pa of P. (1) ti is higher in the follow ing order: mullite-Si2 composites>mullite>mul lite-A23 composite, (2) the critical oxygen pres sure corresponding to ti1 for mullitei2 compo sites (x=1, 2) was in the range of 10 to 10P epending on temperature. Ionic transport number of oxygen of SiO2-A23 cera mics at 1273K. 4. Discussion 4.1 Composition dependence of t Mullite-SiO2 composites showed higher ti than stoichiometric mullite or mullite-A23 composite. Since ti represents the contribution of ionic conduc tion (i) to total conductivity (ti=i/(i+e)), higher i gives higher ti at a constant e value (elec tronic conductivity). Figure 7 shows the previously measured oxygen ion conductivities of iO2-Al2O3 ceramics.15) The extrapolated ionic conductivity in the temperature range of 1073 to 1573K becomes higher in the following order: x=12>3>4 in xA2O32iO2. This order was in accordance with the order of ti on composition above 102Pa (Figs. 4 and  6 ). That is, one reason for high ti of mullite-i2 composite is due to high oxygen ion conductivity.
Electronic conduction
The decrease of ti of SiO2-Al2O3 ceramics at low oxygen pressure indicates the change from oxygen ion conductor to mixed conductor of ion and electron with decreasing oxygen pressure.3), 5), 15) Equation (4) expresses the relation between conductivity and ti, and is transformed to Eq. (5), Since is independent of oxygen pressure, log[(1 ti)/t] versus logP plots give important information on the formation of electrons. The measured slopes at 1073K for samples A, C and D in Fig. 8 were 0.15-0.16, being close to -1/6. On the other hand, the slopes 0.25-0.30 at 1473-1573K were close to -1/4 ( Figs . 9 and 10 ). However, clear straight rela tion in log(1t)/t versus log P plots was not ob tained at 1273K. The equilibrium constant K1 is expressed by Eq. (7) because [] can be approximated to be 116), 17) Oxygen vacancy is formed by both Eqs. (2) (substi tution of Al for Si) and (6) (thermodynamical forma tion). When concentration of oxygen vacancy is dominated by Eq. (2), the following concentration re lation is derived, Substitution of Eq. (8) into Eq. (7) yields Eq. (9).
Equation (9) indicates a linear relation of log[e] log PO2 plot with a slope of -1/4. When Eq. (6) is in dependent of Eq. (2), the following relation is der ived from Eq. (6),
A combination of Eqs. (7) and (10) gives the follow ing equation, Equation (11) indicates a slope of -1/6 for log[e] log PO2 plot. Therefore, it is possible to explain the measured slopes at 1473-1573K and at 1073K by Eqs. (9) and (11), respectively. In usual cases, it is reasonable to assume that the concentration of oxyg en vacancy would be greatly higher for Eq. (2) than Eq. (6).16), 18) In addition, oxygen vacancy and elec tron must keep the quilibrium condition as ex pressed by Eq. (7). Above consideration suggests that would be the lattice oxygen in mullite. The fact that the slopes of log[(1-ti)/ti] versus log P plot were close to -1/6 at 1073K, supports Eq. (11) which is independent of Eq. (2). In addition, small composition dependence of the result shown in Fig. 8 except for sample B suggests that in Eq. (6) at 1073K is different from that of mullite, SiO2 or Al2O3, and may be that of impurity oxides. As mentioned in Section 1, the system of air/mul lite-i2 composite/Al melt saturated by A23 can measure very low oxygen concentration at 127 1873K, indicating little formation of electrons at anode side. This report and the results obtained in this experiment suggest that i2-A23 ceramics is an effective oxygen solid electrolyte when the decom position of lattice oxygen of mullite is prevented by using an metal-oxide system as anode instead of an 2-inert gas mixture.
Conclusions
The electromotive force (EMF) of an oxygen con centration cell with i2-A23 ceramics (xA232 Si2, x=1, 2, 3, and 4) was measured at 1073-1573 K in the oxygen pressure range of 1.010-1 to 1.0 1035Pa at anode side. The ionic transport number became higher in the following order: mullite-2 composite (x=1, 2)>mullite (x=3)>mullite-A23 composite (x=4). This order was in accordance with the order of oxygen ion conductivity. The criti cal oxygen pressure corresponding to t1 for mul lite-Si2 composites was in the range of 1018 to 10 Pa, depending on temperature. At lower oxygen pressures than the critical pressure, ti decreased due to formation of electrons available for conduction. The concentration of electrons formed increased in proportion to Pat 1473-1573K, and P-16 at 1073K. 
